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Low  temperature  cofired  ceramics  technology  (LTCC)  has  been  widely  studied  and  used  in wireless  com-
munication  because  of  their  outstanding  capability  for device  miniaturization  and  integration.  However,
many  commercial  microwave  dielectric  materials  have  high  sintering  temperatures  that  pose  challenge
for  cofiring  with  inner  electrodes.  Herein,  two brannerite  vanadate  LiMVO6 (M  =  Mo, W) ceramics  with
intrinsically  low  sintering  temperatures  were  prepared.  Dense  and  stable  LiMVO6 (M =  Mo,  W) ceramics

◦ ◦

eywords:
icrowave dielectric properties

TCC
rannerite  structure
hemical  compatibility

could  obtained  at 640 C for LiMoVO6 and  700 C  for LiWVO6. Favorable  microwave  dielectric  properties
were  also  obtained  with  εr =  13.3,  Q  × f = 12,460  GHz,  and  �f = +101.0  ppm/◦C for  LiMoVO6 and  εr =  11.5,
Q  ×  f  =  13,260  GHz,  and �f =  +163.8  ppm/◦C for LiWVO6. Moreover,  the  relationship  between  crystal  struc-
ture  and  microwave  dielectric  properties  was studied  by  means  of  packing  fraction,  bond  valence,  and
octahedral  distortion.  Their  chemical  compatibility  with  the  metal  electrodes  were  confirmed.

© 2017  Elsevier  Ltd. All  rights  reserved.
. Introduction

The rapid development of wireless telecommunication, espe-
ially the recent explosion in the uses of wireless data transfer,
.g. the Tactile Internet (5G wireless systems), Internet of Things
IoT), and satellite broadcasting, has triggered the extensive studies
n the microwave dielectrics with high performance [1–5]. During
ecent decades, low temperature cofired ceramic (LTCC) technol-
gy, as a key approach in fabricating highly integrated devices, has
ttracted significant attention owing to its advantageous utiliza-
ion in microelectronics, microsystems and microwave modules. In
rder to cofire with the inner electrode (e.g. Ag), the low sintering
emperature (Ts< 960 ◦C) is a critical requirement for commercial
pplications in LTCC [6,7].

To  date, several methods have been proposed to lower the sin-
ering temperature of dielectric ceramics. One effective approach
Please cite this article in press as: H. Xiang, et al., Two novel ultralow te
W)  and their chemical compatibility with metal electrodes, J Eur Ceram 

s to add low melting point oxides or glasses, such as CuO, B2O3,
2O5, but always accompanied by degradation on microwave
ielectric properties, especially the quality factor. Thus, searching

∗ Corresponding authors.
E-mail addresses: lichunchun2003@126.com (C. Li), fanglianggl001@aliyun.com

L.  Fang).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038
955-2219/© 2017 Elsevier Ltd. All rights reserved.
for novel glass-free low temperature firing ceramics has become
a hot research topic, which mainly focuses on the Li-based, V-
based, W or Mo-based systems due to the low melting points of
the raw constituents. For example, Li-containing compounds with
rock salt structure, such as Li2TiO3 and Li3NbO4, were reported
to exhibit a combination of low sintering temperature and excel-
lent microwave dielectric properties [8–10]. Zhou et al. [11–13]
reported some low-firing molybdates microwave dielectric ceram-
ics. In our previous work, a series of V2O5 rich compounds were
reported to possess a combination of promising microwave dielec-
tric properties and low firing temperatures [14–16]. Therefore,
it is reasonable to predict that a compound containing Li, Mo,
W and V simultaneously would possess low sintering tempera-
ture and combined good dielectric properties. Thus, in this work,
LiMVO6 (M = Mo,  W)  ceramics were prepared and the structure
were investigated by means of XRD, SEM, and Raman spectroscopy.
Furthermore, the thermal properties and microwave dielectric
properties of LiMVO6 (M = Mo,  W)  ceramics were characterized.
mperature firing microwave dielectric ceramics LiMVO6 (M = Mo,
Soc (2017), http://dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038

dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038
dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
mailto:lichunchun2003@126.com
mailto:fanglianggl001@aliyun.com
dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038


 IN PRESSG Model
J

2 ean Ceramic Society xxx (2017) xxx–xxx

2

2

t
P
(
L
G
t
b
n
w
L
g
t
a
t
a

2

d
l
r
s
M
m
m
p
m
a
t
m
(
n
c
t
t
S

3

3

(
t
c
m
5
o
t
t
T
t
m
t
t
t
A
t
i

Fig 1. TG-DTA curves of the uncalcined mixed raw powders for LiMVO6 (M = Mo,  W).
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. Experimental procedure

.1.  Sample preparation

LiMoVO6 and LiWVO6 compounds were individually syn-
hesized through a conventional solid-state reaction method.
roportionate amounts of reagent-grade raw materials, Li2CO3
>99%, Guo-Yao Co., Ltd., Shanghai, China), NH4VO3 (>99%, West
ong Chemical Co., Ltd., Guangdong, China), MoO3 and WO3 (>99%,
uo-Yao Co., Ltd., Shanghai, China), were measured according to

he general formula LiMVO6 (M = Mo,  W).  Powders were mixed and
all-milled in alcohol medium for 6 h in nylon battle with zirco-
ia balls. After drying at 120 ◦C, the LiMoVO6 and LiWVO6 powers
ere calcined at 500 ◦C and 600 ◦C for 6 h, respectively. The calcined

iMoVO6 and LiWVO6 powers were re-milled for 6 h individually
round and pressed into cylinders (10 mm in diameter and 6 mm in
hickness) in a steel die under a pressure of 200 MPa  with polyvinyl
lcohol (PVA, 10 vol%) as a binder. The LiMoVO6 pellets were sin-
ered at 540–640 ◦C for 6 h in air and LiWVO6 pellets were sintered
t 620–720 ◦C for 6 h in air.

.2. Characteristics

The crystalline phases of ceramics were identified by X-ray
iffraction method (CuK˛1, 1.54059 Å, Model X’Pert PRO, PANa-

ytical, Almelo, Holland). The diffraction patterns were taken at
oom temperature in the range of 10◦-80◦ by step scans. Raman
pectras were recorded at room temperature using a DXR Raman
icroscope (Thermo Fisher Scientific DXR, America). The particle
orphologies of the samples were examined by scanning electron
icroscopy (FE-SEM, Model S4800, Hitachi, Japan). The thermal

roperties of LiMVO6 (M = Mo,  W)  were examined by means of ther-
ogravimetry (TG) and differential thermal analysis (DTA) using

n analyser with the simultaneous recording of weight losses and
emperature variations. The bulk densities of the ceramics were

easured using the Archimedes method. The relative permittivity
εr) and quality factor (Q × f) of the samples were measured using a
etwork analyzer (N5230A, Agilent, America) and the temperature
oefficient of resonant frequency (�f ) was obtained by noting the
emperature shifts of the resonance scope from room temperature
o 85 ◦C using a temperature chamber (Delta 9039, Delta Design,
an Diego, CA).

.  Results and discussion

.1.  Phase formation and crystal structure

TG-DTA curves of the mixed raw powders for LiMVO6
M = Mo,  W)  are shown in Fig. 1 to understand the chemical reac-
ion occurring during the calcination. Both samples show similar
urves. Three weight loss regions accompanied by obvious exother-
ic DTA peaks can be observed in the TG curves from 50 ◦C to

50 ◦C. A remarkable exothermic peak located at 210 ◦C with an
bvious weight loss step of 6% was exhibited within 100–220 ◦C on
he DTA and TG curves, respectively. This may  be corresponding
o the loss of residual water and hydroxide in the raw materials.
he second step of weight loss (4%) arising at 220–260 ◦C is due to
he decomposition of carbonates, accompanied with an exother-

ic peak appearing at 240 ◦C on the DTA curve. From 260–350 ◦C,
he third weight loss of 3% was found in the TG curve. At the same
ime, an exothermic DTA peak was observed at 320 ◦C, attributed
Please cite this article in press as: H. Xiang, et al., Two novel ultralow te
W)  and their chemical compatibility with metal electrodes, J Eur Ceram 

o the decomposition of the decomposition ammonium vanadate.
bove 350 ◦C, the TG and DTA curves almost unchanged, indicating

hat no obvious chemical reaction and phase transformation occur
n the sample.
Fig. 2. Rietveld refinement patterns and crystal structure of (a) LiMoVO6 and (b)
LiWVO6 samples calcined at 500 ◦C and 600 ◦C for 6 h, respectively.

Rietveld refinement patterns based on the XRD data of LiMoVO6
and LiWVO6 samples calcined at 500 ◦C and 600 ◦C for 6 h, respec-
tively were displayed in Fig. 2. Both compounds crystallized in a
monoclinic brannerite structure with a space group C2/m. The lat-
tice parameters are a = 9.3535(1) Å, b = 3.6509(7) Å, c = 6.6422(8) Å
for LiMoVO6 and a = 9.3699(5) Å, b = 3.6706(3) Å, c = 6.6258(2) Å for
LiWVO6, respectively. The crystal structures are also illustrated in
mperature firing microwave dielectric ceramics LiMVO6 (M = Mo,
Soc (2017), http://dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038

the inset of Fig. 2. It shows that both Li and M atoms locate in oxygen
octahedral sites. The LiO6 octahedra are edge-sharing while MO6
are corner-shared octahedra. In addition, the LiO6 octahedrons and
MO6 octahedrons are corner shared. In short, the LiMVO6 structure

dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038
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F  at (a) 660 ◦C, (b) 680 ◦C, (c) 700 ◦C, (d) 720 ◦C, and LiMoVO6 ceramic sintered at (e) 640 ◦C.

c
a

3

o
L
t
p
a
a
m
m
i
s
(
m
o
d
s
w
p
6

ig. 3. FE-SEM images of polished and thermally etched of LiWVO6 ceramic sintered

an be viewed as interconnected octahedra with shared oxygen
toms at the corners.

.2.  Microstructure characteristics

Fig.  3 shows SEM micrographs of polished and thermally etched
f LiMVO6 ceramics sintered at various temperatures, (a-d) for
iWVO6 and (e) for its Mo  counterpart. When sintered at low
emperatures, porous microstructures were developed. For exam-
le, some pores existed in the LiWVO6 ceramic sintered at 660 ◦C
s shown in Fig. 3(a). With increasing sintering temperature, the
mount of pores gradually decreased and uniform and dense
icrostructures with closely packed grains were obtained at opti-
um sintering temperature 700 ◦C for LiWVO6. A further increase

n the sintering temperature of LiWVO6 to 720 ◦C leads to an over-
intering, resulting in abnormal grain growth with large grains
∼10 �m)  and some porosity in the sample. Similarly, a similar

icrostructure evolution in the LiMoVO6 ceramics to the LiWVO6 is
bserved, and the sample sintered at 640 ◦C exhibited a relatively
ense microstructure, as shown in Fig. 3(e). However, when the
Please cite this article in press as: H. Xiang, et al., Two novel ultralow te
W)  and their chemical compatibility with metal electrodes, J Eur Ceram 

intering temperature increased to 650 ◦C, the partial grain melting
as observed in LiMoVO6 ceramic. This result is consistent with the

revious report that the decomposition temperature of LiMoVO6 is
50 ◦C [17,18].
Fig. 4. The variation of relative density and microwave dielectric properties (εr ,
Q × f, and �f ) of LiMVO6 (M = Mo,  W)  ceramics as a function of sintering temperature.

3.3. Microwave dielectric properties
mperature firing microwave dielectric ceramics LiMVO6 (M = Mo,
Soc (2017), http://dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038

Fig. 4 shows the variations in the relative density, εr , Q × f, and �f
of LiMVO6 (M = Mo,  W)  ceramics as a function of sintering tempera-
ture. As the sintering temperatures increased from 560 ◦C to 640 ◦C,
the relative density of LiMoVO6 ceramic gradually increased from

dx.doi.org/10.1016/j.jeurceramsoc.2017.04.038
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7.5% to 97.9% of the theoretical density (∼3.93 g/cm3). For LiWVO6
eramics, the variation in relative density with increasing sintering
emperature exhibited a similar trend. A maximum value ∼96.8%
f the theoretical density 5.29 g/cm3 was obtained at 700 ◦C. By
omparison, the densification temperature and apparent density
f LiMoVO6 ceramic are much lower than its W counterpart.

As  shown in Fig. 4(b), the relative permittivity of LiMoVO6
eramic increased from 10.9 to 13.3 with increasing sintering
emperatures from 560 ◦C to 640 ◦C. For LiWVO6 ceramics, in the
intering temperature range 640–720 ◦C, the εr firstly increased
rom 10.0 to 11.5, and then slightly decreased to 11.0. The εr
xhibits similar variation tendency to the relative density, indi-
ating that the density exerts critical effects on the relative
ermittivity.

Fig. 4(c) shows the quality factors of the LiMVO6 (M = Mo,  W)
eramics sintered at different temperatures. Similar to the variation
n relative permittivity, Q × f value of LiMoVO6 ceramic increased
rom 4156 GHz to 12,464 GHz with increasing sintering tempera-
ure. For LiWVO6 ceramic, a maximum Q × f value of 13,264 GHz
as obtained at 700 ◦C. The relationship between the packing frac-

ion and the quality factor was proposed by Kim et al. [19]. The
acking fraction could be defined as:

acking fraction (%)
volume of packed ions

volume of unit cell
×  Z (1)

here,  Z is the number of formula units per unit cell. The packing
raction of LiMoVO6 is 67.2%, smaller than that of LiWVO6 (∼ 68.0%).
hus, the lower Q × f value of LiMoVO6 than that of LiWVO6 might
e partly due to the smaller packing fraction. As shown in Fig. 4(d),
he �f value exhibited weak dependence on sintering temperature
ith a value of +101.0 ppm/◦C for LiMoVO6 sintered at 640 ◦C and

163.8 ppm/◦C for LiWVO6 ceramic sintered at 700 ◦C for 6 h.
Table  1 shows the M-site bond valence for LiMVO6 (M = Mo,  W)

eramics, calculated using the following equations [20]:

i =
∑
j

vij (2)

ij = exp
[
Rij − dij

b

]
(3)

here  Rij is the bond valence parameter, dij is the length of a bond
etween atoms i and j, and b is a universal constant (0.37 Å) [21].

t is obvious that as the M-site bond valence decreased, the �f val-
es of LiMVO6 (M = Mo,  W)  ceramics increased. According to the
ond valence theory, the shorter the bond length is, the stronger the
ond energy become. The atomic interaction results in the changes
o the bond valences of the materials [22,23]. The relationship
etween bond valence and the temperature coefficient of resonant
requency could be attributed to the tilting of oxygen polyhedra

ith the bond valence [24,25]. Table 1 also lists the octahedral
istortion (�) obtained from the following equation [26]:

 = 1
6

∑{
Ri − R
R

}2

(4)

here  Ri is the individual bond length and R is the average bond
ength of the oxygen octahedron. With a decrease in octahedral dis-
ortion, the�f value increased. Similar reports were also found in
a(Co1-xMgx)2(VO4)2 [23], NdNbO4 [24], and AZrNb2O8 [27] sys-
ems. The average bond strength could decrease with decreasing

-site bond valence, resulting in the decreasing restoring force for
ecovering the tilting of octahedra, and �f value would thereupon
ncreased.
Please cite this article in press as: H. Xiang, et al., Two novel ultralow te
W)  and their chemical compatibility with metal electrodes, J Eur Ceram 

Table 2 lists the sintering temperature, the microwave dielec-
ric properties and chemical compatibility with metal electrodes of
ome ultra-low temperature-firing ceramics. The sintering temper-
tures of the LiMVO6 (M = Mo,  W)  ceramics are compatible with the
Fig. 5. XRD patterns and SEM images of LiMoVO6 ceramic sintered at 640 ◦C for 6 h,
and the sample cofired with 15 wt.% Al and 15 wt.% Ag at 640 ◦C for 6 h.

other molybdates and vanadates. Moreover, it is found that most
of the Mo-containing microwave dielectric ceramics possess large
negative �f values, which would limit their commercial applica-
tions [28]. Thus, the large positive �f values of LiMVO6 (M = Mo,  W)
make them promising �f compensators to adjust the temperature
stability of some molybdates.

3.4.  Chemical compatibility with metal electrodes

The chemical compatibility with metal electrodes was investi-
gated by co-firing the LiMoVO6 powders with pure aluminum and
silver powders (15 wt.%) at 640 ◦C for 6 h in air. shows the XRD pat-
terns of the co-fired samples with aluminum and silver and that of
the pure LiMoVO6 ceramic is also presented for comparison. XRD
analysis (as shown in Fig. 5) reveals that only the diffraction peaks
of LiMoVO6 and metal electrodes could be detected, suggesting
no reaction between them. SEM images (as shown in the inset of
Fig. 5) of the cofired ceramics exhibited distinct difference in grain
morphology and element contrast between the matrix and elec-
trodes, further confirming their chemical compatibility. However,
for LiWVO6 sample, chemical reaction between LiWVO6 with silver
to form LiAgO and AgV2O5.5 was observed.

4.  Conclusions

Two novel low-firing microwave dielectric ceramics, LiMVO6
(M = Mo,  W),  were prepared. Both ceramics crystallized into a
brannerite structure with a space group C2/m and could be well
densified at temperature lower than 700 ◦C with relative densi-
ties larger than 95%. The microwave dielectric properties were
characterized with low relative permittivity of 11–14, moderate
quality factors 12,460–13,260 GHz, and relatively large positive �f
of 101.0–163.8 ppm/◦C. The relationship between the microwave
dielectric properties and crystal structure were evaluated based
on the packing fraction, bond valence, and oxygen octahedral dis-
tortion. Moreover, LiMoVO6 ceramic was  found to be chemically
compatible with aluminum and sliver and the LiWVO6 ceramic
could be chemically compatible with aluminum. These results indi-
cate that LiMVO6 (M = Mo,  W)  ceramics are potential candidates for
LTCC applications.
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Table  1
Bond  valence and octahedral distortion of LiMVO6 (M = Mo,  W)  ceramics.

M RA (Å) RM (Å) dM-O1 (Å) dM-O2 (Å) dM-O3 (Å) dA-O1 (Å) dA-O2 (Å) dA-O3 (Å) VA VM VO Octahedral distortion (�10−3)

Mo  1.466 1.907 1.728 1.921 1.874 2.167 2.167 2.304 0.717 6.830 2.270 17.1
W. 1.466 1.921 1.905 1.599 1.758 2.468 2.468 1.998 0.760 6.332 2.380 3.5

Table 2
Microwave dielectric properties of some low-temperature cofired ceramics.

Ceramics S.T. (◦C) εr Q × f (GHz) �f (ppm/◦C) Reactivity with Ag or Al Reference

Na2MoO4 660 4.1 35,000 −76 no with Ag and Al [29]
Li2MoO4. 540 5.5 46,000 −160 yes for Ag, no for Al [30]
Li2WO4 640 5.5 62,000 −146 yes for Ag, no for Al [31]
K2Mo3O10 520 5.6 35,800 −92 yes for Ag, no for Al [32]
K2Mo4O13 540 6.8 39,800 −67 yes for Ag, no for Al [33]
K2Mo2O7 460 7.5 22,300 −63 yes for Ag, no for Al [33]
Li2Ca2Mo3O12 630 8.5 108,000 −89 no with Ag and Al [34]
Li3AlMo3O12 570 9.5 50,000 −73 no with Ag and Al [35]
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